Earlier work from this laboratory ( 1 ) has shown that appreciable increases in blood volume occur in man following the injection intravenously of isotonic or hypertonic solutions of crystalloids in volumes of 500 to 1500 cc. It has been known for many years from studies in polycythemia vera (2, 3, 4, 5, 6, 7) that an abnormally large volume of circulating blood in itself causes no significant deviation from the normal in cardiovascular function. Studies of the effects on the cardiovascular dynamics of a rapid increase in blood volume, such as occurs as a result of the administration of large amounts of fluids intravenously are, however, fragmentary. In a few experiments Cohnheim and Lichtheim (8), as long ago as 1877, noted a rise in both venous and arterial blood pressures in anesthetized dogs as a result of massive intravenous infusions of physiological saline solution. Subsequently, other authors (9, 10, 11, 12, 13) confirmed these findings. Meek and Eyster (11), Gollwitzer-Meier (12) and Onozaki (14) reported striking increases in the cardiac output of anesthetized animals following the rapid injection intravenously of large volumes of fluid. Observations in man are limited chiefly to studies of the pulse rate, and venous and arterial blood pressures (15, 16, 17, 18, 19) . In the present work the effect of the intravenous administration of crystalloid solutions on the more important measurable cardiovascular functions in man have been studied.
Earlier work from this laboratory ( 1 ) has shown that appreciable increases in blood volume occur in man following the injection intravenously of isotonic or hypertonic solutions of crystalloids in volumes of 500 to 1500 cc. It has been known for many years from studies in polycythemia vera (2, 3, 4, 5, 6, 7) that an abnormally large volume of circulating blood in itself causes no significant deviation from the normal in cardiovascular function. Studies of the effects on the cardiovascular dynamics of a rapid increase in blood volume, such as occurs as a result of the administration of large amounts of fluids intravenously are, however, fragmentary. In a few experiments Cohnheim and Lichtheim (8) , as long ago as 1877, noted a rise in both venous and arterial blood pressures in anesthetized dogs as a result of massive intravenous infusions of physiological saline solution. Subsequently, other authors (9, 10, 11, 12, 13) confirmed these findings. Meek and Eyster (11) , Gollwitzer-Meier (12) and Onozaki (14) reported striking increases in the cardiac output of anesthetized animals following the rapid injection intravenously of large volumes of fluid. Observations in man are limited chiefly to studies of the pulse rate, and venous and arterial blood pressures (15, 16, 17, 18, 19) . In the present work the effect of the intravenous administration of crystalloid solutions on the more important measurable cardiovascular functions in man have been studied.
MATERIAL AND METHODS
Thirty-five observations were made on 34 subjects aged 17 to 71 years; twenty-six were males and eight females. Many of the patients studied were surgical cases who had had appendectomies, herniorrhaphies, or pelvic repairs; in these cases intravenous fluids were administered 3 to 6 hours postoperatively. Several of the subjects 1 Presented in abstract form at the May 1937 meeting of the American Society for Clinical Investigation.
were young convalescent male patients from the medical wards; these cases were essentially normal and agreed to receive intravenous fluid for the purposes of study. One patient was studied while receiving hypertonic saline in the treatment of peripheral vascular disease; studies were made in another patient who suffered from angina pectoris and was receiving fluids intravenously as an attempted therapeutic measure (20) . There were no evidences of cardiac decompensation, hypertension, or of marked dehydration in any of the patients on whom observations are reported. The results obtained in the surgical patients and in the unoperated group were the same; all studies, therefore, are treated as one group.
The minute volume output of the heart was measured by the method of Starr and Gamble (21) . Studies of the cardiac output before and during the intravenous injections were made with the patient in the postabsorptive state and the semirecumbent position. The respiratory minute volume, tidal air, and basal metabolic rate were estimated in those patients on whom measurements of the cardiac output were made. The velocity of blood flow was estimated from the arm to tongue circulation time, according to the method of Winternitz, Deutsch and Brull (22) . The venous pressure was measured by the direct method of Moritz and von Tabora (23) . The pulse was counted for thirty-second periods, the respirations for one-minute periods. Measurements of arterial blood pressure were made by the auscultatory method with a mercury manometer and a standard arm cuff. A small calibrated spirometer was utilized to measure vital capacity. The effect of intravenous injections on the plasma and blood volume were studied as described in a previous communication (1) . The values for blood volume changes reported here were obtained by calculation from the serum protein, hematocrit and estimated control blood volumes before injection, and the protein and hematocrit values after injection (Method A of our previous paper (1)). Electrocardiographic tracings were taken with a Hindle string galvanometer. The above measurements were made at frequent intervals during and after the injection of fluids; in instances where the changes were not great only the changes from the control level to the level at the end of injection are tabulated.
In analyzing the results obtained in this study, changes of less than the following magnitudes were considered insignificant-venous pressure, 2 cm. water; pulse rate, 6 beats per minute; systolic and diastolic blood pressure, 4 mm. Hg; pulse pressure, 4 mm. Hg; velocity of blood flow, 10 Fifteen patients exhibited changes in diastolic blood pressure, six showing a rise and nine a fall.
The pulse pressure increased significantly in seventeen instances, decreased in two, and was unchanged in the remaining eleven cases studied. Measurements of blood pressure made one-half hour after the end of injection in those patients whose pulse pressure showed an increase during the period of injection, revealed a tendency of the pulse pressure to remain increased for this period.
EFFECT OF INTRAVENOUS FLUIDS ON CARDIOVASCULAR SYSTEM
Venous pressure The venous pressure was normal before injection of fluid in every subject. During the injection of fluid at a given rate the venous pressure increased as the amount of fluid introduced increased, so that the change after the introduction of 1000 cc. was on the average approximately twice as much as after the introduction of 500 cc. (Figure 2 ).
Analysis of changes at the end of injection of 500 to 600 cc. of fluid in thirty-two experiments showed greater increases in venous pressure at faster rates of injection ( Figure 1 ). In 17 of these studies the rate of injection was below 40 cc. per minute; the changes in venous pressure were not appreciable with three exceptions (Figure 1 ). On the other hand seven of the fifteen cases receiving fluids at rates of 40 cc. per minute or greater showed increases of venous pressure The rise in venous pressure resulting from the intravenous administration of fluid depended to a considerable degree upon the nature of the fluid injected. For a given volume and rate of injection the venous pressure showed a tendency to increase more after hypertonic solutions (5 per cent glucose in 0.85 per cent saline) than after isotonic solutions (Table I 
Velocity of blood flow
The arm to tongue circulation time was measured in 15 patients after 500 to 600 cc. of fluid had been given intravenously. Significant increases in velocity occurred in 10 instances; in 5 instances the increases were 20 per cent or more ( Figure 4 ). The greatest increases in velocity were observed in cases in which the fluid was administered at rates of injection of 20 to 45 cc. per minute ( Figure 5 ).
A rough inverse relationship between rise in venous pressure and increase in velocity of blood flow through the lungs was found (Figure 4) . Thus, four of nine patients who showed no appreciable increases in venous pressure after 500 to 600 cc. of fluid had been injected showed increases in blood velocity of 20 per cent or more; on the other hand only one of six patients who did show appreciable increases in venous pressure exhibited an increase in velocity of blood flow of this magnitude ( Figure 4 ).
Of fifteen patients whose velocity of blood flow was measured more than once during the course of injection, six showed a slower velocity of blood flow after receiving 1000 or 1500 cc. of fluid than after receiving 500 or 1000 cc. (Figure 5 ). In most of the other nine patients the maximum rate of increase in velocity of blood flow was observed during the injection of the first 500 cc. of fluid, the curve of velocity increase against amount of fluid injected falling off as more fluid was injected ( Figure 5 ).
Cardiac output
The effect of the intravenous injection of 400 to 1000 cc. of fluid on the cardiac minute volume output was measured in six patients (Table II) . The rate of injection of fluid in these cases varied from 11 to 36 cc. per minute. In three patients who showed no rise in venous pressure during the intravenous infusion the average increase in cardiac output per 100 cc. of oxygen consumption was 10 per cent (Table II) . The average increase in cardiac output in the three patients in whom rises in venous pressure occurred was approximately 40 per cent. The increases in venous pressure noted in these subjects was small (Table  II) . The increases in cardiac output in these ;9#s8s:* t.
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: : ' : t z $ t W ? : 1 f 1 1 S s n S w ¢ -0 i . w _ i t s 1 e W i R s : : : -f i : v § : r 1 F e ; t % t : ' < v X E S J ' . 1 : t Z q e s 9 . M w S O A t q e 4 e W a : : J s i e w w + + + > a # Y + S n R I # $ b R . I 1 1 1 1 1 ! J d : t t : l i S t . . e 4 w * b W * S $ y v w l b V . s , e g . N a I S I e size of the P wave in one or more leads increased in four instances; in one p2 only was increased, in two others p2 and P3, and in the fourth P1 and Ps (Figure 6 ). Changes in the T wave in one or more leads occurred in four instances, in three of these, changes in P wave were noted also. In one case T2 was increased, in a second T1 and T2 slightly increased, in a third T1 decreased and in the fourth T' increased in size while T2 and T3 diminished. Where changes occurred, they were usually first observed when 400 to 700 cc. of fluid had been administered.
Four of the five patients whose electrocardiograms showed changes received the injected fluids at rates ranging from 30 to 71 cc. per minute. Two of the four patients whose electrocardiographic studies were negative received the fluid at a rate of more than 30 cc. per minute.
In two cases where electrocardiographic tracings showed changes during injection, tracings were repeated two to three hours after the end of the injection; at this latter time the tracings were essentially like those before injection.
DISCUSSION
It has been shown in a previous paper (1) and in Table I above that when fluids are injected intravenously under the conditions of this study a considerable increase in blood volume occurs, and that the blood volume may not return to the control level until two hours after the termination of injection. The observations of the present study describe the various factors concerned in the adaptation of the normal cardiovascular system to the increases in blood volume brought about by fluid injections intravenously.
When volumes of from 500 to 1500 cc. of fluid were injected at slow rates (from 6 to 20 cc. per minute) there occurred appreciable increases in blood volume, as great as 1300 cc. in one case, but very little change in pulse rate, arterial blood pressure, venous pressure, and velocity of blood flow. On the other hand, when fluid was administered at faster rates important changes in many of the cardiovascular measurements were found.
When a liter or more of fluid was injected at rates greater than 20 cc. per minute the venous pressure generally became significantly increased. Several investigators have demonstrated in the heart-lung preparation and in the anesthetized, intact animal that increase in venous pressure causes immediate increased output of the heart due to increased filling (9, 11, 24, 25, 26, 27) . In this investigation the cardiac output was measured in three instances in which the venous pressure was increased from 1.0 to 3.1 cm. water by the injection of fluids intravenously. In these experiments the cardiac output increased from 25 to 54 per cent, the increase being accomplished through change in stroke volume. Presumably greater increases in minute volume output may have occurred in those cases showing greater increases in venous pressure. The increased cardiac output found in this study closely accords with the findings in animals of Meek and Eyster (11), Gollwitzer-Meier (12) and Onozaki (14) . The results of Gollwitzer-Meier (12) and of Onozaki (14) in dogs and rabbits indicate that the cardiac output decreases to its control level within 15 to 30 minutes after cessation of injection.
The changes in velocity of blood flow during injection of fluids were very variable. At moderate rates of injection the velocity of blood flow usually increased appreciably; with more rapid rates and larger volumes of injection, however, the increase in the velocity of blood flow was considerably less than expected on the basis of the observed changes in cardiac output. The fact that a longer time was consumed by the blood in traversing the pulmonary circuit than that expected with increased cardiac output indicates an increase in the total cross-sectional diameter of the blood stream flowing through the lungs. Stewart (28) has pointed out that the slower the pulmonary circulation time with a given cardiac output, the greater the amount of blood in the lungs. That widely varying volumes of blood may be accommodated in the lungs by virtue of the elasticity of the pulmonary tissue has been suggested by Blumgart and Weiss (29) . Evidences of pulmonary engorgement sufficient to cause changes in vital capacity, or respiratory dynamics were not found in our subjects; dyspnea did not occur.
During the course of injection at moderate or more rapid rates the pulse pressure frequently increased progressively and the pulse became bounding. A progressive and diffuse flush was observed in almost all the cases receiving 1000 to 407 peripheral vasodilatation following administration of fluids intravenously. The aforementioned accumulation of fluid in the veins, as indicated by increase in venous pressure, and in the lungs, as indicated by the measurements of velocity of blood flow, when fluid is injected rapidly or in large volume must be regarded as owing to failure of the peripheral vascular bed to dilate sufficiently rapidly to accommodate the increased blood volume. That this lag in peripheral accommodation occasions the increase in venous pressure observed under these conditions is evidenced by the observations that (1) blood volume may be increased more slowly to similar or greater levels without significant rises in venous pressure, and (2) when venous pressure does increase during rapid injections it returns to normal promptly after cessation of injection, although the blood volume remains increased. Peripheral vasodilatation is, therefore, presumably the important factor in the final adaptation of the cardiovascular system to increased blood volume after intravenous infusions.
In general, somewhat greater changes in the blood volume and in the cardiovasular dynamics were observed during injection of the solution containing 5 per cent glucose in physiological saline than when the isotonic solutions, plain physiological saline, or 5 per cent glucose in distilled water, were injected. When solutions more hypertonic than 5 per cent glucose in physiological saline are injected intravenously for therapeutic purposes, the amounts given are usually small in volume. The changes in blood volume and cardiovascular dynamics from such injections would, therefore, not be expected to be as great as many of the changes observed in this study. Gibson and Evans demonstrated an increase in blood volume of approximately 200 cc. during the first few minutes after the intravenous injection of 50 cc. of 50 per cent glucose in saline (30) .
The findings of elevated venous pressure and evidence of increased pulmonary blood volume in cases of this study are not interpreted as evidences of cardiac insufficiency. The increases in cardiac output when fluids were injected rapidly were much greater than necessary to take up the increased fluid being delivered to the right heart; increases in venous pressure and pulmonary blood volume, therefore, are not attributable to stasis resulting from myocardial insufficiency. Further, a much decreased arteriovenous oxygen difference was found in subjects of this study with increases in venous pressure and in blood volume following intravenous infusions. This is in contrast to the increased arteriovenous oxygen difference and elevated venous pressure resulting from decreased cardiac output in patients with congestive failure.
The finding of an increase in size of the P wave in the electrocardiogram (Figure 6 ) is interpreted as owing to increased electrical activity of the auricles, indicating increased work (31) , probably a result of increased filling. Changes in T wave, though found as frequently as those in P wave, were too variable in nature and degree to be amenable to interpretation.
The results of this study and the interpretation placed on the findings describe the sequence of changes in cardiovascular dynamics after intravenous infusions of 5.00 to 1500 cc. of crystalloid solutions in normal subjects. As fluids are injected, there occurs a progressive increase in blood volume accompanied by a tendency toward increase in intravascular pressure. Peripheral capillary vasodilatation intervenes, and when the rate of an injection is slow this mechanism accommodates the increased intravascular fluid volume to such an extent that other changes in cardiovascular status are not observable. On the other hand, during the injection of fluids at faster rates, increases in the volume of the arterial, venous, and pulmonary portions of the circulation become manifest. Within a short period following termination of these faster injections the venous pressure decreases in spite of persistent increase in the blood volume, indicating in these instances, also, final accommodation of the increased blood volume through capillary dilatation. In our previous communication, it was shown that the blood volume returns to normal within approximately two hours after intravenous infusions as administered in this study (1 ) . Increases in venous pressure result in increases in cardiac output which persist apparently for a period corresponding with the duration of the increase in venous pressure.
Changes -in cardiovascular function resulting from rapid intravenous infusions resemble in many ways the abnormalities in cardiovascular 408 dynamics owing to arteriovenous aneurysm. In both conditions, there is delivery of blood in increased volume and under increased pressure to the heart, with a consequent rise in cardiac output (32) . The occurrence of myocardial insufficiency resulting from continued increase in the work of the heart in patients with arteriovenous aneurysm is well known.
The occurrence in elderly or cardiac patients of pulmonary edema and of angina pectoris as a result of the administration of fluids intravenously is not rare (33) . It is probable that the increased cardiac work resulting from intravenous infusions is the principal cause of the development of these complications in patients with a damaged myocardium. An additional factor favoring the development of pulmonary edema is the increase in the volume of blood in the lungs which occurs during the intravenous administration of large volumes of fluids. In patients with myocardial insufficiency and peripheral vasodilatation (34) associated with increased blood volume (35) (36) .
The state of the cardiovascular system after the rapid injection of fluid intravenously is quite the opposite of that obtaining in shock. After intravenous injections, there are observed increased blood volume, increased peripheral venous pressure, tendency toward increased systolic blood pressure, decreased arteriovenous oxygen difference, flushing of the skin and bounding pulse; in shock, on the other hand, there occur decreased blood volume, collapse of peripheral veins, reduction of systolic blood pressure, increased arteriovenous oxygen difference, pallor and thready pulse.
Certain implications of the foregoing discussion are suggested in regard to therapeutics. When it is necessary to administer fluids intravenously to elderly, debilitated, or cardiac patients, the fluid injected should be isotonic, in small volume, and injected slowly, i.e., at rates under 15 cc. per minute. On the other hand, in the treatment of incipient shock when blood transfusion is not immediately available the crystalloid solution to be given intravenously should be hypertonic, in large volume, and injected rapidly, i.e., at rates over 30 cc. per minute.
SUMMARY AND CONCLUSIONS 1. The effects of the intravenous injection of isotonic and of slightly hypertonic crystalloid solutions on the venous pressure, pulse rate, arterial pressure, cardiac output, velocity of blood flow, respiratory dynamics, electrocardiogram, and blood volume of normal man have been studied.
2. When 500 to 1500 cc. of physiological saline, 5 per cent glucose or 5 per cent glucose in physiological saline solutions, were injected at rates of less than 20 cc. per minute, very slight changes were observed in the cardiovascular functions studied; the blood volume was usually considerably increased.
3. When these volumes of fluid were iniected at more rapid rates considerable increases in venous pressure, cardiac output, velocity of blood flow, and in blood volume were usually observed; increases in pulse rate, pulse pressure, and in the P wave of the electrocardiogram were observed in some instances.
4. The greater venous pressure increases occurred in subjects who received fluids in the larger volumes and at the more rapid rates. The venous pressure invariably returned to the control level within 10 to 25 minutes after the end of fluid administration.
5. Significant increases in cardiac output oc-curred in patients in whom the intravenous injection of fluids resulted in rises in venous pressure. 6. When fluids were injected in larger volume and at more rapid rates the increase in velocity of blood flow was considerably less than that expected from changes in the cardiac output. In some instances the increase in velocity of blood flow was greater after the injection of 500 cc. of fluid than after 1000 or 1500 cc. These findings are interpreted as indicating an increase in pulmonary blood volume during injection. Dyspnea did not occur, and changes in respiratory dynamics were not observed.
7. The fact that rises in venous pressure did not persist, or even did not occur, in spite of increased blood volume, together with the observation of increasing diffuse flush of the skin, point to a progressive peripheral vasodilatation during the course of injection of fluids. Additional evidence in this regard is the tendency toward increased pulse pressure observed in some subjects.
8. The clinical implications of these findings have been discussed. 
